Isotopically labeled tyrosines have been selectively incorporated into bacteriorhodopsin (bR). A comparison of the low-temperature bR570 to K Fourier transform infrared-difference spectra of these samples and normal bR provides information about the role of tyrosine in the primary phototransition. Several tyrosine contributions to the difference spectrum are found. These results and comparison with the spectra of model compounds suggest that a tyrosinate group protonates during the bR570 to K transition. This conclusion is strongly supported by the results of UV difference spectroscopy.
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Elucidation of the mechanism by which bacteriorhodopsin (bR), a light-driven proton pump in the purple membrane of Halobacterium halobium functions remains an important problem in biology (1). Two molecular events have been implicated in the bR primary phototransition. (i) An all-trans to 13-cis isomerization of the retinal chromophore has been deduced from resonance Raman measurements (2) . (ii) Movement of a proton has been surmised from picosecond visible absorption data (3). It is not known, however, which bR groups are involved in proton transfer or how this event is coupled to retinal chromophore isomerization.
Recently, our group and others (4) (5) (6) (7) (8) (9) (10) (11) (12) have begun to study the molecular alterations occurring during the bR photocycle with Fourier transform infrared (FTIR) spectroscopy. It has been demonstrated by this work that FTIR is sufficiently sensitive to detect changes occurring in single chemical groups in both the bR chromophore and the protein component. It is important for further progress that contributions to the FTIR-difference spectrum from specific amino acid residues be identified. This can be accomplished by selectively incorporating in bR isotopically labeled amino acids such as [E-15N]lysine (13) . Such an approach was recently used by Englehard et al., who were able to identify the 1760 cm-1 carboxyl vibration (4, 7) as due to an aspartic acid residue (11) .
We report here the results of FTIR measurements on bR samples containing L-ring-deuterated tyrosine and L-[ring- 4- 13C]tyrosine (carbon label nearest hydroxyl group). We compare these difference spectra with FTIR measurements on model tyrosine compounds at high and low pH and p2H. Our results indicate that one or more tyrosines change during the bR570 to K phototransition and suggest that a tyrosinate group in bR570 becomes protonated by K. These conclusions are strongly supported by UV difference measurements, which also suggest the possible involvement of tryptophan at this stage of the photocycle. (14) and was purified by recrystallization. All isotope substitutions were verified by NMR spectroscopy.
MATERIALS AND METHODS
Halobacterium halobium R1 was grown in a synthetic medium like that of Gochnauer and Kushner (15) Purple membrane was isolated by the method of Oesterhelt and Stoeckenius (16) . Specific activity measurements indicated that 50-80% of the tyrosine residues were labeled in various preparations. Amino acid analysis showed that <10% of the incorporated radioactivity scrambled to other amino acids and ammonia acetone extraction showed that <3% of the incorporated radioactivity scrambled to lipids or retinal.
FTIR difference measurements were made as reported elsewhere in detail (5, 10, 12) on rehydrated films of purple membrane formed either by the isopotential spin-dry method (17) or by slow air-drying of a concentrated drop of purple membrane suspension. Measurements were made on a minimum of two different samples and were compared to check for consistency. UV difference spectra were obtained from light-adapted fully hydrated films of purple membrane prepared by air-drying on Oriel quartz windows (Stamford, CT). L-Tyrosine (free-base), poly(L-Tyr-L-Glu) (1:1, Na salt, random copolymer; Mr, 33 The direction of a peak is indicated if labeled from the opposite side.
labeled tyrosine mode into that region of the spectrum. An additional unexpected effect of isotope labeling appears to be a small perturbation in the relative concentration of the highand low-temperature forms of K and bR570 (12) . Interpretation of tyrosine contributions to the difference spectrum is also complicated by the fact that the tyrosine vibrations can be affected by ionization. It is therefore necessary to study the vibrational spectra of a variety of model compounds including isotope-labeled L-tyrosine and L-tyrosinate (Table 1) .
The 1800-1200 cm-' Region. The strongest peaks in this region are the chromophore ethylenic (C=C) stretching vibrations due to bR570 (negative, 1530 cm-') and K (positive, 1514 cm-') (Fig. 1A) . In the case of both tyrosine isotope-labeled bR samples, a peak appears upshifted to 1516 cm-1. In 2H20 (Fig. 1B) , the 1514 cm-1 peak splits into two components as noted (7, 8) .
After taking into account small changes in the relative amount of high-temperature K form (12) , the shift of the K ethylenic from 1514 cm-' in bR to 1516 cm-1 in labeled bR samples can be explained if a small positive tyrosine contribution at a slightly lower frequency is present in the difference spectrum. This contribution would downshift the band from the true ethylenic stretching frequency near 1516 cm-1, the frequency observed by low-temperature resonance Raman spectroscopy (2) . In support of this explanation, Ltyrosine and related model compounds exhibit an aromatic stretch mode near 1515 cm-' (18) The difference spectrum of bR-[2H4]tyrosine exhibits an intensified negative peak at 1456 cm-1 in H20 but not in 2H20. A peak at a similar frequency is found in L-tyrosine, poly-L-tyrosine, and poly-(L-tyr-L-Glu) ( Fig. 3 (Fig. 1A) . Wavenumber, cm-' 1200600 cm'l Region. Three negative tyrosine contributions are detected at 854, 842, and 833 cm'1. The last two are clearly 2H20 insensitive, whereas it was difficult to determine the 2H20 sensitivity of the 853 cm'l peak because of the noise in this region. A positive component also appears at 827 cm-1, which as noted in Table 1 , may be partially due to the existence of the high-temperature form of K.
It is likely that at least two of the negative tyrosine contributions arise from the tyrosine Fermi doublet, which normally falls in the range 825-855 cm'1 (19, 20) . Identification of the lower component can be particularly useful because its frequency is correlated with changes in the state of the tyrosine hydroxyl group. For example, ionization of tyrosine in poly(L-Tyr-L-Glu) causes a shift of the lower Fermi component from 828 to 833 cm-1 (Fig. 3 Inset) .
Siamwiza et al. (19) reported a frequency of 834 cm-1 for potassium-p-cresoxide (solid), where the hydroxyl group is fully ionized. Hence, the negative peak at 833 cm'l is consistent with the existence of a tyrosinate in bR570.
The isotope shifts in this region, predicted on the basis of the labeled L-tyrosine spectra reported in Table 1 UV Difference Spectroscopy. The UV difference spectrum between high and neutral pH solutions of poly(L-Tyr-L-Glu) (Fig. 4 Inset) exhibits a negative peak at 243 nm and a smaller one at 294 nm as well as a small positive peak at 222 nm, in agreement with the changes expected in the UV region for the conversion of a tyrosinate to a tyrosine (21) . In the case of the UV difference spectrum for the bR570 to K transition (Fig. 4) , a clear negative peak at 243 nm is found. Photoreversal of the K intermediate back to bR570 produces the exact negative of this spectrum, indicating that none of the changes observed can be due to light-scattering artifacts.
In the 290 nm region, we observe a large double-peaked feature flanked by two smaller negative dips at 283 and 298 nm. These two small negative peaks are consistent with the existence of a negative tyrosinate peak centered near 294 nm, which is masked by the stronger positive peaks. The two positive peaks at 290 and 294 nm as well as a smaller peak near 270 nm can be accounted for by a red-shift of the absorption of tryptophan. This may be due to increased hydrogen bonding between an indolyl NH and a hydrogenbond acceptor (22) or by an alteration in the charge of a nearby group, such as would occur as a result of tyrosinate protonation. Perturbation of the tyrosine environment can also cause a red-shift and subsequent double-peaked difference spectrum (21) , although this usually results in changes in the 280 nm region.
DISCUSSION
The FTIR results reported here clearly indicate that one or more tyrosine groups are involved in the primary phototransition at low temperature. Two major conclusions were reached. and the positive tyrosine contributions identified in the difference spectra plus agreement of their 2H/H exchange sensitivities indicates that a tyrosine with an exchangeable proton is involved in the bR570 to K transition and is present in the K intermediate.
(
ii) The appearance of several 2H20 insensitive negative peaks at frequencies characteristic oftyrosinate groups or the isotope derivatives of tyrosinate suggests that a tyrosinate group is present in bR570 and is involved in the primary transition. For example, a shift in equilibrium during the bR570 to K transition of a tyrosinate group toward its protonated state would account for these findings and for those discussed above in i.
UV measurements strongly support both conclusions. While several previous studies based on UV absorption (23) (24) (25) (26) have concluded that one or more tyrosine residues deprotonate near the M412 stage of the photocycle, the present work provides evidence for tyrosine involvement and protonation change at an earlier step.
It is likely that the presence of a tyrosinate as a stable group in any protein would require the existence of strong hydrogen bonds and/or ionic interactions with neighboring groups. In the case of bR, the disruption of these interactions and subsequent tyrosinate protonation might occur as a consequence of the retinylidene chromophore photoisomerization. One model that embodies these features is shown below: 
II
The stabilizing interactions in this model are provided for by the positively charged Schiff base and two hydroxyl groups such as from tyrosines, although other stabilizing groups such as lysine, serine, or even water are possible. The ability of a tyrosine to act as a proton donor and tyrosinate to act as a counterion for a retinal Schiff base has been previously suggested by Christoforov et al. (27) and Rastogi and Zundel (28) . We also note that the existence of a ground-state tyrosinate has been previously predicted for bovine testes calmodulin (29) and alcohol dehydrogenase (30) . Recently, Hanamoto et al. (26) reported evidence for two precursors to M412, one ofwhich may involve an ionized tyrosine.
An important feature of the above model is the movement of the Schiff base away from its counterion, a motion previously proposed to be part of a proton switch (5, 10, (31) (32) (33) . In the present model, this movement also serves as a trigger for a tyrosinate protonation from a nearby group as shown in II. A second feature of the model is participation of the tyrosinate inside a hydrogen-bonded chain of other groups such as tyrosines (34, 35) . The tyrosinate might serve the role of a proton active site, thus producing proton active transport through the chain (35) . Hence, one of the possible consequences of this model is the active transport of two protons for each photon-one is due to the proton switching on the Schiff base and the other is due to proton movement along the hydrogen-bonded chain.
